The purpose of this study was to investigate the immunohistochemical and the ultrastructural features of the implant circumference epithelium of the beagle dog using various types of antibodies. The peri-implant epithelium was at an acute-angle from the gingival epithelium and was arranged in parallel to the implant surface. With immunohistochemical staining, the peri-implant epithelium was strongly positive for KL-1, and weakly positive for CK4, CK8 and CK19. These positive reactions for keratins and also for PCNA and BM-1 were similar to those seen in the oral mucosa. In the periimplant epithelium, a plentitude of microvilli were observed at the periphery of cells at the implant sites, and bacteria were observed between the implant and the peri-implant epithelium without the formation of half desmosomes. There were many lipid-like vacuoles or lysosome-like granules. The intercellular space was wider than the junctional epithelium, and random migrations of large numbers of neutrophils could be seen. Taken together, the peri-implant epithelium is similar to that seen in the oral mucosa, and it is structurally different from the junctional epithelium.
MATERIALS AND METHODS

Laboratory animals and experimental methods
All studies conformed to the Tokyo Dental College laboratory animal facilities experimental guidelines.
The laboratory animals used in these experiments were four one-year-old female beagle adult dogs, each weighing 10 kg. Prior to each experiment, general anesthesia was conducted using thiopental sodium (Nembutal 0.1 ml/kgbd). Premolar teeth of both sides of the lower jaw were extracted, and bone tissue was allowed to heal for two months. After the healing of the extracted socket, general anesthesia was again conducted using the same procedure described above, and local anesthesia was applied using xylocaine with 2% epinephrine. An incision was made on the alveolar ridge, and the mucoperiosteal flap was raised using a periosteal elevator. A bone cavity was generated using a round bur mounted on a dental handpiece cooled with phosphate buffered saline (PBS). A titanium plasma sprayed (TPS) ITI implant, 3.3 mm in diameter and 8 mm in length, were implanted and merged in the edentulous area. Finally, the peri-implant mucous membrane was closed with sutures. The gingival mucosa and junctional epithelium of the mandibular molar teeth of the same animals were used as controls. Plaque control was not carried out throughout the experimental periods.
Each mandible received three implants and a total of 24 implants were inserted; however, three cases in which bone resorption occurred due to inflammation were excluded from the experimental groups. As results, 21 implants were examined in these experiments.
Light microscopy
For paraffin sections without implants, perfusion fixation was carried out six months after the implantation via the carotid artery with formomethanol (37% formalin: 99% methanol: Distilled water‫.)2:1:1ס‬ The mandibles with the implant and the surrounding tissues were removed, and 16 implants were
INTRODUCTION
The understanding of the implant-tissue interface is important for successful tooth replacement therapy. Much research has been performed on the bone interface, and the theory has been established that there should be no intervention of soft tissue between the implant and the bone tissue at the light microscopic level; this is called osseointegration 1, 8, 9, 11, 13, 27) . Romanos et al. 32, 33) reported that the implant-connective tissue interface is thin; the thickness of type I collagen controls the stability of the tissue. However, type V collagen resists bacterial invasion by increasing in amount compared with the natural tooth.
Dental implantation therapy creates an open wound, because the oral mucosa is penetrated along the implant surface and, as a result, an epithelium-implant interface is formed. Therefore, elucidation of the defense mechanisms, including those of the epithelium itself, becomes an important point, because the peri-implant tissue is always exposed to the possibility of inflammation 16, [21] [22] [23] .
In the junctional epithelium of the natural tooth, there are defense elements, such as bonding mechanical closures with hemidesmosomes, differentiation and proliferation capability, and phagocytic capability to resist stimuli. Furthermore, the random migration of neutrophils into the intercellular space of the junctional epithelium, which is continually washed by the crevicular exudates to the gingival sulcus, needs to be considered 36, 38) . However, bacteria can accumulate around the implant circumference and more easily induce inflammatory destruction than around the natural tooth. Furthermore, pocket formation around the implant occurs earlier, and bone resorption also seems to be induced 10, 29, 30) . Thus, the epithelium-implant interface influences the fate of the implant 2, 3, 5, 7, 17, 18, 28, 39, 40) ; however; the details of its morphological features are not well known. This study examined the immunohistochemical features of the peri-implant epithelium using various antibodies and also examined its ultrastructural features.
sliced along the extended shaft of the implant as bucco-lingual sections, using a rotary saw cooled with running water. They were then immersed in the same fixative solution for one week. The tissues were then decalcified with 10% EDTA for eight weeks at room temperature, and the implant body was mechanically removed. Specimens without implants were dehydrated in a graded ethanol series before being embedded in paraffin and cut in serial sections approximately 5m in thickness. Sections were then stained with either hematoxylin-eosin or periodic acid-Schiff (PAS) and observed in a light microscope.
For ground sections with implants, five implants were embedded in methylmethacrylate as previously described 14, 29) . The methylmethacrylate blocks were sectioned by use of a low speed saw equipped with a 0.3 mmthick diamond wafering blade. The sectioning technique was devised to provide bucco-lingual sections. The initial section thickness was approximately 200m and was reduced to approximately 80m by petrographic grinding techniques. The sections were then stained with toluidine blue and alizarin red.
Immunohistochemistry
For immunohistochemical observations, the streptavidin-biotin peroxidase complex method was carried out using a Histofine kit according to the manufacturer's instructions (Histofine Kit, Nichirei, Tokyo). Antibodies to cytokeratins, KL-1 (Immunotech, France, at a dilution of 1:150), CK4 (Progen Germany, at a dilution of 1:10), CK8 (DAKO, Denmark, at a dilution of 1:25), CK19 (Progen Germany, at a dilution of 1:10), and either PCNA (PC-10, DAKO, Denmark, at a dilution of 1:100) or BM-1 (DAKO Denmark, at a dilution of 1:25) were employed as primary antibodies. Paraffin sections were deparaffinized with xylene and washed in 10 mM PBS (pH 7.2). Sections were then treated with 0.1% trypsin (in 10 mM Tris-HCl buffer, pH 7.6: Gibco BRL, USA) for 30 minutes at 37°C and then treated with 0.3% H 2 O 2 in methanol at room temperature to block endogenous peroxidase. Fig. 1a For evaluation of the oral mucosa was divided into 3 layers; basal cell layer, prickle and granule cell layer, and keratinized layer. Fig. 1b For evaluation of the junctional epithelium was divided into 3 layers; basal cell layer, central cell layer, and enamel side cell layer. Fig. 1c For evaluation of the peri-implant epithelium was divided into 3 layers; basal cell layer, central cell layer, and implant side cell layer.
After washing in PBS, the samples were incubated with primary antibodies at a dilution of 1:10 at 4°C overnight. Reactions were visualized using 0.05% diaminobenzidine (DAB) and 0.005% H 2 O 2 in Tris-HCl buffer, and sections were finally counterstained with hematoxylin and observed using a light microscope. For evaluation of immunohistochemical activities, the oral mucosa was divided into three layers: basal cell layer, prickle and granular cell layer, and keratinized layer (Fig.  1a) . The junctional epithelium was divided into three layers; basal cell layer, central cell layer, and enamel side cell layer (Fig. 1b) . The peri-implant epithelium was also divided into three layers; basal cell layer, central cell layer, and implant side cell layer (Fig. 1c) . For all the light microscopic observations, the middle parts of both the junctional and peri-implant epithelium were mainly compared.
Electron microscopy
For transmission electron microscopic observations, part of buccal area of each implant circumference tissue used for ground sections was removed after the perfusion fixation and further fixed with Karnovsky's fixative solution (at a final concentration of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.24M Sorensen's phosphate buffer) for 48 hours at room temperature. After the samples were postfixed in 2% osmium tetroxide for two hours, they were block stained with 2% uranyl acetate in 10% ethanol for 20 min. They were then dehydrated in a graded series of ethanol and embedded in Epon 812 using routine procedures. After ultra-thin sections were cut approximately 60 nm thick, specimens were stained with uranyl acetate and lead citrate and were observed using a Hitachi 7100 transmission electron microscope.
RESULTS
Macroscopic observations
At the natural tooth circumference, a slight deposition of plaque was observed, but no periodontitis was evident.
In three of the 24 implants, the periimplant tissue showed obvious inflammation, and there was clear absorption of the bone. Those three samples were excluded from the study. The remaining 21 implants had slight plaque deposition, but bone resorption was not seen by X-ray.
Light microscopic observations
The junctional epithelium adhered to the enamel from the bottom of the gingival crevice, was composed of about 10 cell layers, and was in the cuneus state. The cell population was decreased in the enamel-cement junction (Fig.  2a, 3a) . No PAS positively staining cells were found in the junctional epithelium (Fig. 4a) .
The peri-implant epithelium was at an acute angle from the gingival epithelium and was arranged in parallel to the implant surface. A sharply narrow gap was evident between the implant body and the peri-implant epithelium. It was of a uniform thickness, and the number of component cells was less than that of the junctional epithelium. No obvious tendency toward cornification was observed (Fig. 2b,  3b) . At the position where inflammatory cell infiltration could be seen in the connective tissue under the implant epithelium, the thickness of the peri-implant epithelium was increased, and the intercellular space became wider. The cells of the implant side and the central cell layers were weakly positive for PAS staining (Fig. 4b) .
The oral mucosal epithelium could be distinguished as the basal cell layer, prickle cell layer, granular cell layer, and keratinized layer. The keratinized layer was strongly positive for PAS staining and the cells of the prickle cell layer were weakly positive.
Immunohistochemical observations
When using immunohistochemical staining for PCNA, the cells of the enamel side cell layer and the basal cell layer of the natural tooth (Fig. 5a ), a few cells of the basal cell layer of the peri-implant epithelium (Fig. 5b) , and some cells of basal cell layer of the oral mucosa (Fig. 5c) were positive for PCNA. However, the positive reaction of the periimplant epithelium was the weakest, and the positive cell number was the lowest of the three.
When using immunohistochemical staining for BM-1, the cells of the central cell layer of the junctional epithelium (Fig. 6a) and both the cells of the implant side cell layer and those of the central layer of the peri-implant epithelium (Fig. 6b) and the keratinized layer of the oral mucosa were positive for BM-1 (Fig. 6c) . When using immunohistochemical staining for KL-1, all the cells of the junctional epithelium (Fig. 7a) , peri-implant epithelium (Fig. 7b) , and oral mucosa (Fig. 7c) were strongly positive.
When using immunohistochemical staining for CK19, the cells of central and enamel side cell layers of the junctional epithelium were strongly positive, the cells of the basal cell layer were weakly positive (Fig. 8a) , the cells of the central and basal cell layers of the periimplant epithelium were weakly positive (Fig.  8b) , and the cells of the basal cell layer of the oral mucosa were strongly positive (Fig. 8c) .
When using immunohistochemical staining for CK8, the cells of central cell layer and enamel side layer of the junctional epithelium (Fig. 9a) , the cells of the central cell and implant side cell layers of the peri-implant epithelium (Fig. 9b) , and the cells of the prickle cell layer of the oral mucosa (Fig. 9c) were positive.
When using immunohistochemical staining for CK4, all the cells of the junctional epithelium were negative (Fig. 10a) . The cells of the central cell layer of the peri-implant epithelium (Fig. 10b ) and the prickle cell layer of the oral mucosa (Fig. 10c) were slightly positive.
Electron microscopic observations
In the natural tooth, the junctional epithelium contacted the enamel surface by half desmosomes, and on the connective tissue side, a basement membrane was present. Cells of the junctional epithelium had many micro-processes combined with desmosomes, and various degrees of tonofilaments were observed in the cytoplasm.
In the peri-implant epithelium, many microvilli were observed at the periphery of the cells at the implant sites, and bacteria were present between the implant and the periimplant epithelium (Fig. 11) . However, half desmosomes and the basement membrane had not formed because the peri-implant epithelium was not in close contact with the implant body. A basement membrane, which distinguishes the lamina lucida from the lamina densa, was observed at the connective tissue side (Fig. 12) . In the cytoplasm of cells in the peri-implant epithelium, a number of tonofilaments were diffusely present, as were a few mitochondria and endoplasmic reticula, but many lipid-like vacuoles or lysosome-like granules were also observed. The intercellular space was wider than that of the junctional epithelium, and the random migration of large numbers of neutrophils could be seen (Figs. 13, 14) .
DISCUSSION
Morphological features of the epithelia
The normal gingival mucosa eventually differentiates into the stratum corneum, a layer of cells without nuclei but with tonofilaments and keratohyalin granules which arises following the division of basal cells; these cells are eventually discarded into the oral cavity 36) . The normal junctional epithelium arises from the deciduous enamel epithelium during the development of the dental germ and contains enamel and half desmosomes when the teeth erupt. The defense function of the epithelium compared with the cornified oral mucosa is weak. However, the protection is supplemented by the transudation and many neutrophils derived from the fenestrated capillaries, which exist at the side of the connective tissue 38) . In addition, it is known that bacteria are resisted by the secretion of defensin, an antibacterial peptide, by epithelial cells 4) . The epithelium observed at the circumference of the implant arose from the healed gingival stratified squamous epithelium, which became keratinized after the extraction of the tooth 22, 23) . Many discussions have arisen about the kind of interface formed when the implant penetrates this epithelium and whether they form half desmosomes and/or basement membranes 14, 15, 18, [21] [22] [23] [24] . The results of PAS staining, which reacts with glycogen in the cytoplasm, were negative in the cells of junctional epithelium. In contrast, a positive reaction was observed in both peri-implant epithelium and oral mucosa, suggesting that both epithelia are similar in terms of glycogen production.
Peri-implant epithelium
Gould et al. 14) reported that hemi-desmosomes and basement membranes formed on the titanium surface in vitro. However, Jansen et al. 24) suggested that half desmosomes did not form on metals such as titanium. Ikeda et al. 19) used implants made of titanium in rats and reported that the junctional epithelium structure exists only at the bottom of the implant circumference epithelium. They also reported that the peri-implant epithelium on the oral cavity side had many microprocesses and that they could not see any adhesion with the implant in that area.
Takata et al. 37) characterized the permeability of the junctional epithelium and the implant circumference epithelium. They dropped goldconjugated concanaban A into the gingival crevice and then observed that the tracer could through pass the intercellular space of the junctional epithelium and penetrate to the connective tissue. This means that the exogenous material easily penetrated from the gingival crevice to the connective tissue and that this route is probably involved in the initial stage of disease around the teeth. Ikeda et al. 19) carried out a similar experiment in the implant circumference groove. They reported that many more particles could be found in the circumference epithelial cells of the implants than in the junctional epithelium. They further reported that the permeating material also reached deep into the connective tissue and that bacteria and toxins could also easily permeate the connective tissue further than the periodontal tissue of the natural tooth. From the above facts, the invasion of exogenous materials and bacteria into the structure of the implant circumference epithelium should be easy, and the defense support from the connective tissue side is clearly important. Ikeda et al. 20) reported that the endocytotic capacity of the cells of peri-implant epithelium was inferior to that of junctional epithelium because, intracellularly, the quantity of horseradish peroxidase which was found in the vesicles and granules of peri-implant epithelium was less than that of the junctional epithelium.
The electron microscopic observations of the present study that the intercellular space of the peri-implant epithelium was enlarged further than that of the junctional epithelium, that microvilli were observed in the plane which meets in the implant well, and that clear desmosomes were not formed, suggest that the junctional epithelium differs in function and structure and support their opinions.
Functions of epithelial cells
By having enamel and half desmosomes involved in the protection of the junctional epithelium, the following are considered to be important in addition to the mechanical closure: the capability to differentiate and proliferate to resist stimuli and to phagocytose the foreign materials of the epithelial cells. Inoue et al. 21) reported that the proliferation capability of the junctional epithelium was greater than that of the peri-implant epithelium, that activity was due to exogenous stimulation, and that it contributed to the defense reaction. In this study, using PCNA which is a marker for proliferating activity and BM-1 which is known as marker for apoptosis, the positive reactions of PCNA and BM-1 produced opposite results; the cells of both the enamel side and the basal cell layer were positive for PCNA and the cells of the central cell layer were positive for BM-1 in the junctional epithelium. These results support the results of Inoue et al. 21) and indicate that both the enamel side cells and the basal cells of the junctional epithelium metabolize to the central area. In contrast, only a few cells of basal cell layer were positive for PCNA and the cells of central cell layer and the implant side cell layer were positive for BM-1 in the peri-implant epithelium; these were similar to the results for the oral mucosa.
Ayasaka et al. 6) reported that the lysosomal enzymes cathepsins B, D, and H exist locally in the junctional epithelium component cells, and Yamaza et al. 41) reported that there is an intracellular resolution in the endosome/ lysosome system in the junctional epithelium. Further, elimination of xenobiotica by neutrophil phagocytosis in the intercellular space seems to supplement the defense of the junctional epithelium. In this study, many lysosome-like granules were seen in the cytoplasm of peri-implant epithelium, which had wide intercellular spaces, which seems to support this argument.
Keratin of epithelium component cells
Cytokeratin, which is contained in various types of epithelial cells and helps form the cytoskeleton, is an intracytoplasmic fibrous constituent and is classified as one type of intermediate filament. Twenty subtypes of cytokeratins, which are classified into type I or type II, have been reported. Type I cytokeratins (CK9 to CK20) are of low molecular weight and have acidic isoelectric points, while type II cytokeratins (CK1 to CK8) are of high molecular weight and have neutral or basic isoelectric points. It has been demonstrated that the genesis of cytokeratins has regularity as well as the specific character of original tissue and cell even in tumor cells 18, 28, 31, 34, 35) . KL-1 is detectable in the stratum cell layer, which is the upper portion of the basal layer in the keratinized epithelium of gingiva, tongue, and palate. CK19 can also be expressed in the analogous layer 12, 28, 34, 35) . In particular, it reacts positively with simple epithelium, but it is also immunostained in basal cells of the gingival stratified squamous epithelium, in dental lamina of odontogenic epithelium, in the enamel organ, and in epithelial rests of Malassez 31, 34, 35) . Basal cells of all epithelia, including oral, junctional, and peri-implant epithelium, which were also positive for CK19, and all cells (except basal cells) of those epithelia were positive for KL-1. The results of this study showed that the positive staining for CK19 and KL-1 in the peri-implant epithelium were similar to that seen in the oral mucosa.
Comparable staining of CK4 and CK8 was seen except for the basal cells in the oral mucosa and in the peri-implant epithelium. In short, in the peri-implant epithelium, only the implant side cells were positive for CK4 and 8; the prickle cells in the oral epithelium were also positive for CK4 and 8. However, in the junctional epithelium, the enamel side cells showed results similar to those of the basal cells in the oral epithelium. This may indicate that the peri-implant epithelium does not have a keratinized layer but is similar to the prickle cells of the oral epithelium, which continue to the implant surface.
Mackenzie and Tonetti 26) reported that the intensity of the staining reactions for cytokeratins of peri-implant epithelium were different from that of junctional epithelium. It is possible that titanium-based implant materials could influence the phenotype of oral gingival epithelial cells differently (Lagneau et al. 25) ). In junctional epithelium, the degeneration tendency is strong, the intercellular space expands, and no clear cornification is observed. However, the staining of keratins was similar to that seen in the oral mucosa epithelia and it was structurally different from that in the junctional epithelium.
